To examine, among patients with type 2 diabetes, the association between hospitalization for heart failure (hHF) and treatment with dipeptidyl peptidase 4 inhibitors (DPP-4is) versus sulfonylureas (SUs), and treatment with saxagliptin versus sitagliptin.
(TECOS) are complete (1) (2) (3) (4) . Whereas the EXAMINE trial and the TECOS showed no statistically significant impact of alogliptin or sitagliptin, respectively, on hospitalization for heart failure (hHF), in the SAVOR-TIMI 53 trial unexpectedly more patients in the saxagliptin group than in the placebo group were hospitalized for heart failure (1-4). These findings prompt uncertainty regarding whether the risk of hHF differs across the class of dipeptidyl peptidase 4 inhibitors (DPP-4is), or whether the risk of hHF differs between the DPP-4i class and other classes of antihyperglycemic medications. Until the completion of the Cardiovascular Outcome Study of Linagliptin Versus Glimepiride in Patients With Type 2 Diabetes (CAROLINA) trial, no cardiovascular outcomes trials (CVOTs) will provide insight into the cardiovascular safety of DPP-4 inhibition compared with another class of antihyperglycemic medications (5) . Moreover, none of the current CVOTs will provide head-to-head data within the DPP-4i class, and, to our knowledge, no published observational studies have provided comparisons of the risk of heart failure within the DPP-4i class.
The current study offers observational data to address the current uncertainties regarding within-DPP-4i and across-class differences in the association between hHF and antihyperglycemic treatments among patients with type 2 diabetes by 1) examining the association between hHF and treatment with DPP-4is versus sulfonylureas (SUs), and 2) examining the association between hHF and treatment with saxagliptin versus sitagliptin. Secondary analyses compared the aforementioned groups with respect to other cardiovascular outcomes, including hospitalization for acute myocardial infarction (AMI), hospitalization for stroke, hospitalization for unstable angina, coronary revascularization, and a composite of all outcomes together, including hHF.
RESEARCH DESIGN AND METHODS
Prior to data analysis, the protocol of this study was registered with the European Network of Centres for Pharmacoepidemiology and Pharmacovigilance (http://www.encepp.eu/encepp/view Resource.htm?id=8696). Analyses comparing saxagliptin with linagliptin or alogliptin were not undertaken due to a failure to meet prespecified sample size criteria, as described below. This study used a retrospective, observational cohort design. The study used as its methodological foundation, as closely as possible, the approach that is outlined in the U.S. Food and Drug Administration (FDA) document MiniSentinel Protocol for Active Surveillance of Acute Myocardial Infarction in Association with Use of Antidiabetes Agents by Selby et al. (6) .
Data Source
The study used U.S. administrative insurance claims data drawn from the Truven Health MarketScan Commercial and Medicare Supplemental databases. These databases comprise enrollment information; demographic information; and inpatient medical, outpatient medical, and outpatient pharmacy claims data collected from .300 large self-insured U.S. employers and .25 U.S. health plans.
The Truven Health MarketScan Commercial database includes information for individuals who are under the age of 65 years and are the primary individual insured or are a spouse or dependent of that individual. The Truven Health MarketScan Medicare Supplemental database includes both the Medicarepaid and supplemental insurance-paid components of reimbursed insurance claims for individuals who are eligible for Medicare and have supplemental insurance paid for by their current or former employer.
The study databases that were used satisfy the conditions set forth in Sections 164.514 (a)-(b)1ii of the Health Insurance Portability and Accountability Act of 1996 privacy rule regarding the determination and documentation of statistically deidentified data.
Patient Selection
Generic names of all study medications and all codes used in this study are available in Supplementary For each comparison, the date of the first of such claims was designated as the "index date," and the medication to which that claim corresponded was designated as the "index therapy."
The medication-specific beginning dates for the period of patient selection (1 August 2010 for saxagliptin and sitagliptin, and 1 May 2012 for linagliptin) were chosen to be at least 1 year after the approval of a given medication in order to mitigate any bias that may arise from early prescribing patterns or initial limited market access for the medication. The end date for the period of patient selection (30 August 2013), which also served as the end date for followup, was chosen because this is the date on which the results of the SAVOR-TIMI 53 and EXAMINE trials were initially presented, and physicians may have altered their prescribing patterns or heart failure ascertainment for DPP-4is after reports of the hHF results in those trials.
All patients in each of the two comparisons were further required to meet all of the following inclusion criteria: $1 day of follow-up; $18 years of age on the index date; 365 days of continuous enrollment (no gaps .31 days) in medical and pharmacy benefits immediately prior to the index date (this period is designated as the "baseline period"); $1 outpatient prescription claims for an antihyperglycemic medication or one or more medical claims with an ICD-9-CM diagnosis code for type 2 diabetes during the baseline period.
We excluded patients from the comparison if they had more than one type of DPP-4i (both comparisons), more than one type of SU (DPP-4i vs. SU comparison only), or both a DPP-4i and an SU on the index date (DPP-4i vs. SU comparison only); one or more outpatient prescription claims for any DPP-4i (both comparisons) or any SU (DPP-4i vs. SU comparison only) during the baseline period; hHF in the 60-day period before the index date; one or more medical claims with ICD-9-CM, Current Procedural Terminology, 4th edition, or Healthcare Common Procedure Coding System codes (where applicable) indicative of type 1 diabetes, pregnancy, or gestational diabetes during the baseline period, or from the index date through the earlier of the end of continuous enrollment or the end of available data.
All analyses were stratified by the presence of baseline cardiovascular disease (CVD), which was defined as having one or more medical claims with any CVD codes, as outlined in Supplementary  Table 1 , during the baseline period.
Follow-up Period
For all analyses, the follow-up period was of variable length, began on the day after the index date, and ended at the first occurrence of one of the following censoring events: cessation of index therapy (defined per the Mini-Sentinel protocol and described in detail within the footnote of Supplementary Table 6) ; filling an outpatient prescription claim for an SU (DPP-4i cohort), a DPP-4i (SU cohort), or a nonindex DPP-4i (saxagliptin and sitagliptin cohorts); beginning of a .31-day gap in continuous enrollment in health insurance benefits; inpatient death; or reaching the study end date of 30 August 2013. Information on deaths occurring outside of the inpatient setting was not available in the study database.
For the DPP-4i versus SU comparison only, individual agents within the class of the index therapy were considered to be interchangeable; thus, within-class switches did not terminate follow-up.
Measurement of Study Outcomes
The primary outcome was hHF during the follow-up period. An hHF event was defined as an inpatient hospital admission with a principal discharge diagnosis of heart failure (7). Time to hHF was defined as the number of days from the index date until the date of hospital admission for the first occurrence of an hHF event.
The secondary outcomes were hospitalization for AMI, hospitalization for stroke, hospitalization for unstable angina, coronary revascularization, and a composite of all outcomes together, including hHF, during the follow-up period (8) (9) (10) . The secondary outcomes were separately measured and analyzed as time-to-event variables, with times to each event being measured independently from one another, regardless of the occurrence of other events. Finally, although inpatient death was treated as a reason for censoring, hHF or secondary outcome events resulting in inpatient death were treated as events as opposed to being a cause for censoring.
Measurement of Covariables
Covariables measured for this study included demographics measured as of the index date based on enrollment information, as well as healthcare use measures, general comorbidities, cardiovascular risk factors, and antihyperglycemic and other medications measured during the baseline period, based on medical and pharmacy insurance claims. These variables were largely drawn from the aforementioned Mini-Sentinel protocol. Supplementary Tables 2 and 3 provide a comprehensive listing of all covariables measured for this study.
Statistical Analyses
The primary method of statistical adjustment in this study was propensity score matching using the nearestneighbor technique and enforcing a caliper of 0.01 on the probability scale. A total of four propensity score matches were completed for the primary analyses, as follows: DPP-4i versus SU stratified by baseline CVD; and saxagliptin versus sitagliptin stratified by baseline CVD. For each comparison, a propensity score was obtained from a logistic regression in which the dependent variable was a binary variable for being in the DPP-4i or saxagliptin cohort, as appropriate to the comparison. All logistic regressions used an independent variable specification that was selected a priori and included all variables (i.e., selection techniques such as stepwise variable selection were not used) listed in Supplementary Tables 1 and 2 , with the exception that "CVD-related conditions" variables were omitted from the analyses among patients with no baseline CVD. The balance achieved by the propensity score was assessed via the standardized difference.
The primary analyses of study outcomes were conducted through bivariate Cox proportional hazards models and applied to the propensity scorematched samples. For these and all models described below, the Schoenfeld test was used to assess whether the independent variable of the models met the proportionality assumption of the Cox proportional hazards modeling approach (11) . No multiplicity adjustments were made for hypothesis testing. In all analyses, P # 0.05 was considered the threshold for statistical significance when testing hypotheses.
Power calculations based on published rates of hHF indicated that 12,869 patients with baseline CVD and 77,209 patients with no baseline CVD would be needed to have 80% power to detect a hazard ratio (HR) of 1.33 (per the Mini-Sentinel protocol sequential analysis plan) (1, 12) . Any analyses with combined comparator samples that did not meet these prespecified sample size and power criteria were not conducted.
Sensitivity Analyses
For the primary outcome of hHF, the following prespecified sensitivity analyses were conducted. First, analyses were conducted through multivariable, as opposed to bivariate, Cox proportional hazards models using the population of individuals meeting the patient selection criteria of the study before matching. Second, analyses were subset to patients who were $65 years of age. Third, analyses were subset to patients who had no baseline or followup use of thiazolidinediones. Fourth, analyses were subset to patients who had no baseline use of loop diuretics. Fifth, analyses were conducted when extending the period during which hHF was identified to up to 30 days beyond the last point at which hHF was identified for the primary analyses. Sixth, analyses were conducted when uniformly allowing a gap in days' supply of #45 days before triggering the cessation of therapy. Seventh, analyses were subset to patients who met criteria that approximated the cardiovascular risk criteria of the SAVOR-TIMI 53 trial (see the last row of Supplementary Table 1) . Finally, in a post hoc sensitivity analysis, the primary outcome of hHF, as well as all secondary outcomes, was analyzed when stratifying patients by the presence versus absence of baseline heart failure. These post hoc sensitivity analyses were not subjected to the prespecified sample size and power criteria described above. Propensity score matches were reconducted for any sensitivity analyses involving a subset of the overall study cohorts.
RESULTS

Patient Characteristics
After applying the propensity score match, the study included the following numbers of patients among patients with no baseline CVD: 82,019 DPP-4i and 82,019 SU; 43,402 saxagliptin and 43,402 sitagliptin; among patients with baseline CVD: 27,259 DPP-4i and 27,259 SU; 13,042 saxagliptin and 13,042 sitagliptin (Supplementary Tables 4 and 5 ).
The proportions of DPP-4i patients who were successfully matched to an SU patient were 89.2% among patients with no baseline CVD and 92.3% among patients with baseline CVD; these proportions for saxagliptin patients were 100.0% (only one patient was not matched) and 99.9%. Summary statistics for the postmatch distributions of a selected subset of study covariables are displayed in Table 1 ; corresponding information is provided for all study covariables in Supplementary Tables 2  and 3 . Information on the duration of study follow-up by cohort, which on average was ;6 months, is provided in Supplementary Table 6 . Consistent with the primary analysis results, among patients with no baseline CVD, those treated with a DPP-4i had statistically significant lower hazards of hHF compared with those treated with an SU in every performed sensitivity analysis (all P , 0.05) ( Table 2 ). All other prespecified sensitivity analysis comparisons yielded statistically insignificant differences between the compared cohorts (Tables 2 and 3 ). The post hoc analyses stratifying patients by the presence versus the absence of baseline heart failure yielded results that were directionally similar to the primary analyses, but with no statistically significant differences found for hHF (Supplementary Table 7 ).
Secondary Outcomes
There was no statistically significant difference in the hazards of the composite cardiovascular outcome between saxagliptin-treated patients and sitagliptintreated patients in either CVD stratification (patients with baseline CVD: HR 0.90 [95% CI 0.78-1.05], P = 0.183 [ Consistent with the primary analysis results, those treated with a DPP-4i often had statistically significant lower hazards of the secondary outcomes compared with those treated with an SU (P , 0.05) in the prespecified sensitivity analyses ( Table 2 ). The comparisons between saxagliptin and sitagliptin yielded statistically insignificant differences in the hazards of all secondary outcomes in the prespecified sensitivity analyses ( Table 3 ). The post hoc analyses stratifying patients by the presence versus the absence of baseline heart failure yielded results that were generally similar to the primary analyses (Supplementary Table 7) .
CONCLUSIONS
This real-world observational study was motivated by the unexpected finding that saxagliptin increased the risk of hHF relative to placebo within the SAVOR-TIMI 53 trial, and by the incongruence of these findings with those of the EXAMINE and TECOS trials, which showed no statistically significant impact of alogliptin or sitagliptin, respectively, on hHF (2-4). In the absence of head-to-head trials, any data providing an understanding of within-DPP-4i class differences in cardiovascular safety would currently have to be based upon indirect comparisons of the various clinical trials that have been completed or are underway. Such comparisons may be complicated by substantial differences with respect to many design features, as follows: enrollment criteria, geographic regions, follow-up time, sample size, adjudication and assessment, and order of hierarchical testing (13). Thus, this study addresses a present need for evidence regarding the comparative safety of DPP-4is relative to other antihyperglycemic medications, and of saxagliptin relative to sitagliptin.
To our knowledge, this is the first study comparing cardiovascular outcomes between saxagliptin and sitagliptin. Prior observational studies (12, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) that assessed the association between hHF and either the DPP-4i agents as a class or specific DPP-4i agents (i.e., sitagliptin) have used a wide variety of designs and patient populations with mixed results. Two studies (12, 18) identified that DPP-4i treatment is associated with a reduced rate of hHF relative to other oral antihyperglycemic medications, two studies (14,16) suggested a neutral association relative to other oral antihyperglycemic medications and/or insulin, and two studies (19, 20) suggested an increased rate of hHF with DPP-4i treatment relative to matched control subjects not otherwise initiating a new antihyperglycemic medication but rather in the midst of treatment with any of a range of potential antihyperglycemic medications. Notably, the designs used by the two studies that found an association between the DPP-4i treatment and an increased rate of heart failure may have created a risk of residual bias in favor of the matched control subjects; all else being equal, the matched patients did not necessarily require new pharmacotherapy to manage their diabetes.
It is possible, in accordance with the results of DPP-4i CVOTs and our analysis, that DPP-4is may increase the risk of heart failure compared with placebo, but do not increase the risk compared with an alternative active treatment that itself possesses some risk of hHF. In support of this possibility, none of the observational studies that compared patients initiated on a DPP-4i treatment to patients initiated on an alternative antihyperglycemic therapy found a statistically significant association between the DPP-4i treatment and hHF, whereas some found a benefit (12,18).
Our study provides observational insight regarding the association between hHF and DPP-4i treatment compared with SU treatment; however, the risk of heart failure with SU treatment remains uncertain. The Rosiglitazone Evaluated for Cardiovascular Outcomes and Regulation of Glycemia in Diabetes (RECORD) study compared cardiovascular safety among patients receiving dual therapy of rosiglitazone with metformin or SU to that among patients receiving dual therapy of metformin and SU (24) . Although the primary composite end Table 3 (saxagliptin and sitagliptin cohorts). *In the DPP-4i and SU cohorts, the mean (SD, range) of the absolute value of standardized differences for all covariables was as follows: 0.51% (0.46%, 0-2.30%) for patients with baseline CVD; 0.32% (0.34%, 0-1.60%) for patients with no baseline CVD. †In the saxagliptin and sitagliptin cohorts, the mean (SD, range) of the absolute value of standardized differences for all covariables was: 0.48% (0.36%, 0-1.50%) for patients with baseline CVD; 0.34% (0.26%, 0-1.20%) for patients with no baseline CVD.
point was balanced between the two study arms, rosiglitazone therapy resulted in an increased risk of heart failure with an HR of 2.10, which is consistent with known effects of thiazolidinediones on fluid balance. Observational data regarding the rate of heart failure with the use of SUs has been mixed, with two studies (25, 26) finding an association between SU treatment and an increased rate of heart failure compared with metformin treatment, and one study (27) finding no association between SU treatment and heart failure in the context of a case-control analysis compared with no SU exposure. Beyond heart failure, the increased risk of other cardiovascular events with SU therapy is better established in clinical trials (28) and observational studies (29, 30) . In agreement with our results, these prior studies found that DPP-4i therapy was often associated with a reduced rate of cardiovascular events compared with SU therapy. Ultimately, the findings related to DPP-4i versus SU therapy in our study are unexplained and should be interpreted with caution in light of the study limitations discussed below. The CAROLINA study, which uses an SU as an active comparator, may provide further insight into these questions. Our study findings should be viewed in light of some limitations. First, we specifically attempted to address our primary objective by following the approach of one of the U.S. FDA MiniSentinel protocols for cardiovascular surveillance; this protocol did not involve the assessment of mortality. A chief reason for this is that many electronic health insurance claims databases, including the one used for the current study, lack complete information on mortality. In the EXAMINE, SAVOR-TIMI 53, and TECOS trials, alogliptin, saxagliptin, and sitagliptin did not increase or decrease the rate of cardiovascular or all-cause death. Thus, although we would not expect, based on trial data, alogliptin, saxagliptin, or sitagliptin to increase the risk of these outcomes, the present analyses leave unaddressed questions regarding whether the risk of cardiovascular or all-cause mortality differs between the studied groups (or alogliptin) in a real-world setting. Future research to address these questions is needed.
Second, due to an observational study design, we cannot rule out the possibility of residual confounding. The following aspects of the design and methods counter this limitation: 1) selection bias specific to heart failure was likely minimal, as during the study period none of the medications used here were known to pose a risk of heart failure, and clinicians likely preferred using both DPP-4is and SUs to thiazolidinediones among patients at heightened risk for heart failure; 2) the propensity score match performed extremely well, as evidenced by mean absolute values of the standardized differences ranging from 0.32% to 0.51% across the four comparisons, and a maximum value of 2.3% (a standardized difference of ,10% is generally considered to be indicative of adequate balance) across a sum total of 442 covariables that are likely to be correlated with severity and duration of diabetes included in the four models (e.g., the proportions of patients with baseline metformin use, which has been suggested to be of benefit with respect to the risk of heart failure [31, 32] , differed across groups by only a few tenths of a percentage point); 3) the high proportion of matched subjects likely reflects the clinical similarity of the cohorts we compared; and 4) the new-user cohort design is the recommended default design for comparative studies by the Agency for Healthcare Research and Quality (33) . An important implication of the new-user cohort design, however, is that in order to increase internal validity it specifically excludes patients who used a comparator treatment in the prior 12 months and therefore is generalizable only to this set of patients. Many real-world users of DPP-4is may have prior exposure to SUs or vice versa, and the current study does not include such patients. This design may have also resulted in selection bias if DPP-4i users who used SUs differed systematically from those who did not. Consequently, the study results corresponding to the DPP-4i and SU comparison may not be generalizable to DPP-4i users with prior exposure to SUs or vice versa.
Third, the study database comprised insurance claims data from individuals with commercial or Medicare plus supplemental health insurance and may not be generalizable to individuals with other insurance or without health insurance coverage. These data are not collected for research purposes; they lack some potentially important demographic measures, such as patients' race, socioeconomic status, or education; and the diagnostic and procedure coding in the data may be subject to errors.
Fourth, the average and median durations of patient follow-up were relatively short at ;6 months and 3 months, respectively, across the study cohorts. The short duration of follow-up was primarily driven by a high censoring rate due to strict rules regarding the cessation of index therapy. Across the analyses, the cessation of index therapy was the most common reason for the end of follow-up, generally being the reason for end of follow-up in .60% of patients. In two separate prespecified sensitivity analyses, we relaxed the Mini-Sentinel approach of using strict criteria for censoring, resulting in follow-up times that were 25-97% longer than in the primary analysis. Importantly, these sensitivity analyses yielded results that were similar to those of the primary analyses. Furthermore, within the SAVOR-TIMI 53 trial, the increased risk of hHF was the greatest at the first time point (i.e., 6 months) of follow-up (34) . Finally, the approach to censoring upon the cessation of therapy could have been a potential source of bias when ascertaining outcomes if the cessation of therapy was informative (e.g., if physicians systematically ceased patients' treatment in anticipation of hHF or another cardiovascular outcome). Although the two aforementioned sensitivity analyses in which we extended the period during which hHF was identified were used to address this matter, and we have no reason to believe that there would be differential informative censoring across the compared groups, the potential for informative censoring cannot be completely ruled out in the analysis.
In summary, heart failure is not uncommon among patients with type 2 diabetes, and the selection of pharmacotherapy can affect that risk. It is an important part of current medical practice to monitor all patients with type 2 diabetes for heart failure symptoms, such as shortness of breath and edema. In this observational study of patients with type 2 diabetes, we found no association between hHF, or other selected cardiovascular outcomes, and treatment with a DPP-4i relative to SU or treatment with saxagliptin relative to sitagliptin. 
